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The mean wake of a three-bladed horizontal axis tidal stream turbine operating at
maximum power coefficient has been investigated experimentally in a wide flume with
width 11 times the depth, providing minimal restriction to transverse wake development
and behaviour of large-scale horizontal turbulence structures. This is an important first
stage for understanding wake interaction in turbine arrays and hence large-scale power
generation. The rotor diameter has a typical value of 60% of the depth and the thrust
coefficient is representative of a full-scale turbine. The shear layers originating from the
rotor tip circumference show classic linear expansion downstream, with the rate of a
plane shear layer vertically and 1.5 times that horizontally. These shear layers merge by
around 2.5 diameters downstream forming a self-similar two-dimensional wake beyond
eight diameters downstream with a virtual origin at two diameters downstream of the
rotor plane. The spreading rate is somewhat less than that for solid bodies. The detailed
velocity measurements made in the near wake show rotation and vorticity similar to that
measured previously for wind and marine turbines although with asymmetry associated
with bed and surface proximity. The longitudinal circulation in a transverse plane is
conserved at about 1% of the swept circulation from the blade tip within two diameters
downstream, the extent of detailed measurement. Turbines are usually designed using
blade element momentum theory in which velocities at the rotor plane are characterised
by axial and tangential induction factors and it is now possible to see how this idealisation
relates to actual velocities. The axial induction factor corresponds to velocity deficits at
0.4–0.8 radii from the rotor axis across the near wake while the tangential induction factor
at the rotor plane corresponds to velocities at 0.4–0.6 radii between 1–2 diameters
downstream, indicating some general correspondence. For the two-dimensional self-
similar far wake the two parameters defining the centreline velocity deficit and the
transverse velocity profiles are likely to be insensitive to Reynolds number in turbulent
conditions.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/3.0/).1. Introduction
Energy extracted from high velocity tidal flows by turbines is expected to make a significant contribution to electricity
supply in many countries. We are here concerned with a three-bladed horizontal axis turbine which is the most commoner Ltd. This is an open access article under the CC BY license
. Stallard).
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turbines both experimentally and numerically. Blade element momentum theory is a standard design tool for horizontal
axis tidal turbines (Batten et al., 2008; Way and Collier, 2013). Design is determined by power output and the unsteady
loading depends on the velocity and turbulence of the onset flow as well as the turbine operating conditions. For the
anticipated large scale electricity generation by arrays of tidal turbines the onset flow to downstream turbines will be
determined by the far wake of turbines located upstream. Here we undertake a laboratory study to investigate the mean far
wake, and the upstream near-wake, of a representative tidal stream turbine at low blockage within a turbulent open
channel flow.
The near wake has been modelled computationally, predicting time-averaged power and loading (e.g, McNaughton et al.,
2014). Coherent tip vortices which break up downstream have been observed in LES (Large Eddy Simulation) studies (e.g.
Afgan et al., 2013). Far field velocities due to a porous disc turbine representation have been measured by Myers and Bahaj
(2010) and due to model turbines by Maganga et al. (2010) with low blockage; they both showed that increasing upstream
turbulence increased wake recovery, but the resulting mean flow was not categorised. Chamorro et al. (2013) investigated
the effect of upstream turbulence on turbine response and its effect on wake recovery. Response was coupled to upstream
turbulence below a critical rotation frequency and uncoupled at higher frequencies. Wake recovery was linked to the large
scale motions in the flow resulting from the tip vortices. There have been many more studies of wind turbine wakes (e.g.
Vermeer et al., 2003) which relate directly. These include computational studies (e.g. Wu and Porte-Agel, 2011), field trials
(Högstrom et al., 1988; Magnusson and Smedman, 1999) and experimental laboratory studies, typically at small geometric
scale with reduced thrust coefficient (Hu et al., 2011; Zhang et al., 2012). These show the importance of upstream turbulence
in enhancing wake recovery which is generally more significant than shear effects. Various wake details have been analysed
including tip vortex generation and breakdown and large scale wake meandering. An important difference for tidal turbines
is that the wake is constrained vertically by a water (free) surface which is particularly likely to influence the far wake. It is
well known that the turbulence structure of such shallow flows is anisotropic with horizontal length scales many times the
vertical (e.g. field measurements of Thomson et al. (2012) and inferred from modelling by Stansby (2003)). This could also
be a limitation for the study of Chamorro et al. (2013) where the streamwise length scale was 1.4 times the depth and both
the horizontal structures and the far wake could be influenced by the channel width of 2.4 times the depth.
In this study we investigate the near and far wake in a wide flume with width more than 10 times the depth so that
horizontal turbulence and far wake will not be significantly influenced by the side walls. We are concerned with the mean
flow characteristics and how the relatively unconstrained, and nearly axisymmetric, near wake merges into the depth-
constrained far wake. The turbine diameter is about 60% of the water depth and the turbine operates at maximum efficiency,
at the tip speed ratio for maximum power coefficient for this geometric scale. The rotor is designed such that the thrust
coefficient is typical of a full-scale turbine. Since the blade element momentum theory is a standard design tool based on
axial induction and tangential induction factors we relate the values resulting from this rotor design to the physical wake.
The paper is organised as follows: Section 2 Experimental Arrangement, Section 3 Wake Velocity Deficit, Section 4 Near
Wake Rotation, Section 5 Wake Turbulence and Section 6 Conclusions.2. Experimental arrangement
Measurements were made of the wake generated downstream of a single turbine of diameter D¼0.27 m located at mid-
depth in an open channel flow of width W¼5 m, depth h¼0.45 m and with mean velocity U0 ¼ 0:46 m=s. The longitudinal,
vertical and transverse axes are denoted as x; z and y. The global blockage based on swept area to channel cross section
(AD=Wh) is therefore 2.5% and wake expansion is effectively unconstrained in the transverse direction with W ¼ 18:5D, but
is constrained vertically by the bed and free-surface as h¼ 1:67D. The locations (X;Y ; Z) reported herein are relative to the
rotor origin located at x0 ¼ 13:3h from the flume inlet. Some further details on this arrangement, including a schematic of
the flume, are given by Stallard et al. (2013). A 3-bladed rotor is employed as a likely form of rotor for widespread
deployment in large farms. Horizontal thrust, applied torque and rotational speed of the rotor were recorded.2.1. Flow velocity measurement
Time varying velocities were measured using a NORTEK Vectrinoþ ADV with velocity range 71 m/s, sample volume
dimension of 3 mm and transmit length of 8.7 mm (Nortek, 2006). Three components of velocity were recorded, ux;uy;uz.
The probe was positioned in a vertical yz plane downstream of the rotor using an automated traversing system with
position accurate to less than 1 mm. Signal to noise ratio (SNR) and correlation coefficient (COR) tested prior to each set of
measurements indicate that the majority of samples (495%) have SNR 415 dB and COR 490%. At each co-ordinate a 60 s
sample was recorded at 200 Hz. This provides resolution into the turbulence subrange (frequency 32 Hz based on channel
flow velocity, see p. 30 Nezu and Nakagawa, 1993) and was found to be sufficient for time-averaged values of velocity,
denoted U, and of longitudinal turbulence intensity (u0x=U0 where u
0
x is the rms of fluctuating longitudinal velocity) to be
calculated to within 2% and for turbulence length scales to be converged to within 5%.
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A constant flow-rate was obtained by pumps located between 2.5 m deep basins at either end of a 12.5 m long, flat horizontal
bed. The base and walls of the flume were Perspex panels. A vertical porous plate was located across the inflow (yz plane)
comprising a triangular array of 12 mm diameter holes at 15 mm centre-to-centre pitch in 3 mm thick stainless steel. This
removed the large scale eddies from the end basin resulting in nearly spatially uniform anisotropic turbulence at the test section
typical of a wide channel. The mean longitudinal velocity was U0 ¼ 0:463 m=s. Froude number was thus 0.22 and channel
Reynolds number Reh ¼U0h=ν¼ 2:1 105. For zo0:3h the profile of longitudinal velocity reduces to Eq. (1) with friction velocity
Un ¼ 0:0167 m=s and where κ is the von Karman constant of 0.41 and C is 5. The mean velocity profile is shown in Fig. 1(a)
UðzÞ
Un
¼ 1
κ
log
zUn
ν
 
þC: ð1Þ
Turbulence intensity is nearly constant across the water depth at cross sections just upstream and downstream of the
rotor plane as shown in Fig. 1(b). Average longitudinal turbulence intensity is 12% at the rotor plane (X¼0) but decays to 10%
(approximately) over a distance of 10D. The total turbulence intensity (u0=U0 ¼ ½ð3U0Þ1∑3i ¼ 1ðu0iÞ21=2) is also shown in Fig. 1
(b) but hereafter turbulence intensity implies longitudinal only. The integral length scales of the ambient turbulence
measured by a two point cross correlation method (by Eq. (2) from Pope, 2000) at mid-depth are Lx;x; Ly;y; Lz;z ¼ 0:56h;0:33h
and 0:25h. Sample duration was 900 s for these measurements. The transverse length scale is thus slightly greater than the
vertical and the longitudinal about twice and is a little greater than half the depth. It is well known that horizontal scales are
greater than vertical in shallow flows but also vary widely (e.g. Thomson et al., 2012). These values may only be considered
representative of field data and this study is concerned with time-averaged velocity and turbulence intensity.
Li;j ¼
Z 1
0
Rij rð Þ dr; Rij rð Þ ¼
〈uiðrÞujðrþdrÞ〉
〈u2i 〉
; ð2Þ
where dr is the separation between velocity measurement points on the axis i; j¼ x; y or z.
2.3. Rotor design
A 3-bladed rotor was developed to generate a wake that is representative of the momentum extraction and swirl
generated by a full-scale turbine as described by Whelan and Stallard (2011). At three-quarter span and tip speed ratio
of 4.5, chord Reynolds number was ReC  30 000 compared to ReC46 106 for a full-scale rotor of 18 m diameter.
Maximum lift to drag ratio for a foil section at ReC less than 50 000 is around 15 compared to around 200 for a full-scale
rotor (Lissamen, 1983) and this limits the torque developed for a given thrust. Each blade thus comprised a Göttingen 804
foil with radial variation of chord length and twist angle selected to (i) attain thrust coefficient equivalent to a full-scale
turbine over a range of tip speed ratios and (ii) attain similar peak power coefficient despite the moderate chord Reynolds
number of the experiment. On this basis the blade geometry listed in Table 1 was selected using a blade element code with0.6 0.7 0.8 0.9 1 1.1
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Fig. 1. Depth profile of velocity and turbulence intensity at rotor plane. (a) Longitudinal velocity. (b) Turbulence intensity of longitudinal velocity u0x=U0
(solid) and total velocity u0=U0 (dashed).
Table 1
Radial variation of chord length and angle relative to rotor plane.
r/R 0.111 0.241 0.333 0.48 0.537 0.630 0.733 0.833 0.925 0.998
c/R 0.111 0.148 0.222 0.204 0.185 0.165 0.144 0.130 0.115 0.096
θ○ 38 23 16 11.3 9.0 7.5 5.8 4.1 3.1 2.6
Table 2
Lift and drag coefficients for Göttingen 804 section Hassan (1993).
For 301rαr101
α 30 20 10 7 6 0 1 2 4 8 9 10
CL 0.70 0.50 0.30 0.40 0.51 0.24 0.37 0.49 0.74 1.24 1.19 1.11
CD 0.48 0.25 0.13 0.12 0.11 0.06 0.06 0.06 0.06 0.10 0.12 0.14
For 101oαr501
α 12 14 16 18 20 25 30 35 40 45 50
CL 0.97 0.91 0.89 0.91 0.94 1.06 1.16 1.19 1.16 1.11 1.10
CD 0.23 0.29 0.35 0.41 0.46 0.59 0.74 0.89 1.01 1.07 1.07
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0.27 m diameter rotor was manufactured in one piece by the rapid prototyping method Synthetic Laser Sintering (SLS) using
0.2 mm thick layers of glass fibre reinforced polymer acrylic.
2.4. Mechanical system
The rotor was mounted directly on the shaft of a 901 bevel gearbox with acrylic gears (Huco B332.31.3). The gearbox was
supported by a 15 mm outer diameter stainless steel rod with strain gauges located 800 mm above the rotor axis. A 4 mm
diameter driveshaft transferred mechanical torque to an encoder and motor located above the water level. Only the rotor,
gearbox and lower part of the supporting shaft were immersed. The centreline of the supporting shaft was located 0.15D
downstream of the rotor plane and the gearbox extended to 0.2D downstream. This configuration was employed to
minimise dimensions of the immersed support structure and allowed measurement of flow velocity to within 0.4D
downstream of the rotor plane.
Thrust was measured by a full-bridge strain gauge (EA-06-125PC-350W by Micro Measurements) connected to a
National Instruments SCC-SG24 strain gauge module. Strain gauges were mounted on the support shaft 800 mm above the
rotor axis and calibrated by measurement of the voltage corresponding to fixed increments of load applied to the hub prior
to immersion. A linear relationship was obtained between applied load and measured voltage by least-squares-best-fit. The
residual was less than 0.1% in all cases. Horizontal force measured by the strain gauges is due to horizontal thrust on the
swept area of the rotor (Fx) and drag on the supporting structure (Ftower). Measurements of the force on the support
structure only, i.e. without the rotor attached, indicates an average force, Ftower ¼ 0:26 N . In comparison, thrust on the
rotor plane was approximately Fx  6 N indicating that support structure loading was an order of magnitude smaller than
the rotor thrust. The thrust coefficients reported herein were obtained after subtracting the nominal tower load:
CT ¼ 2Fx=ρADU20.
Angular displacement was measured using a HEDS 9000 quadrature encoder reading an HEDM 6120 T12 code wheel. The
code-wheel has 2000 counts per revolution thus providing position resolution of π=100. Angular speed, ωm, was obtained
by differentiation of the measured angular displacement. Torque applied to the rotor was defined by a dynamometer system
developed by Brown (2009) and described by Weller et al. (2010). This comprised a firmware controller that specifies the
bridge current IA across a CROUZET 82800 series 24 V DC motor as a function of measured angular speed. The net retarding
torque, Q, is the sum of mechanical friction and motor torque. The mechanical friction was defined by the motor torque that
maintains constant angular speed without rotor attached.
2.5. Rotor performance
The operation of a tidal stream turbine is typically characterised by the variation of thrust coefficient and power
coefficient with tip speed ratio (β¼ωmR=U0 where R is rotor radius). Measured thrust coefficient (CT ¼ 2Fx=ρU20AD) and
power coefficient (CP ¼ 2Qωm=ρU30AD) are in reasonable agreement with predictions obtained from a blade element method
(Bossanyi, 2009) over the range 3oβo7 as shown in Fig. 2. For all wake studies reported herein, mechanical torque was
specified to obtain a mean tip speed ratio of β¼ 4:5, close to maximum CP. At this operating point predicted CT is equal to
that of a full-scale turbine whereas predicted CP ¼ 0:33 compared to 0.46 for a full-scale turbine. For each wake traverse, the
time-averaged thrust and tip speed ratio varied by less than 5%.
3. Wake velocity deﬁcit
Velocity was measured downstream of the rotor plane on a Cartesian grid of points in the vertical yz plane
(dy¼ dz¼ 20 mm) at four x-coordinates X ¼ 0:5D;1D;1:5D and 2D and along horizontal and vertical lines normal to and
through the rotor centreline over the range 1:5DoXo12D. Velocity measurements were also taken along the axial
centreline to 20D downstream. Vertical plane measurements provide insight into the initial wake structure and
development while the transverse, vertical and longitudinal velocity variations provide insight into far-field wake
development with the influence of bounding surfaces.
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Fig. 2. Variation of thrust coefficient CT and power coefficient CP with Tip Speed Ratio β for geometry of Table 1 obtained by blade element code with foil
performance from Miley (1982) (solid black line) and Hassan (1993) (sold grey line) and experimental measurement (solid points). Predicted coefficients
for representative full-scale turbine also shown (dashed). All predictions for unbounded flow.
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The deficit of mean velocity along the centreline of the wake was found to be ΔU ¼ 0:9U0 at 1D downstream of the rotor
but velocity recovers to within 0:2U0 by 10D downstream. Within this distance, longitudinal turbulence intensity is between
10 to 15% with the maximum occurring 3D downstream. Over the range 10D to 20D further recovery of mean velocity is
gradual with a deficit of 0:12U0 observed at 20D. This longitudinal variation is consistent with previous measurements for
wind and marine turbines.
The transverse profiles of longitudinal velocity shown in Fig. 3 are approximately symmetric and follow a nearly Gaussian
profile. A small bypass flow with velocity greater than ambient velocity is evident just outside the rotor swept area at 1.5D
and 2D but beyond 4D only a velocity deficit is observed. The maximum velocity deficit occurs close to the rotor axis and is
0:8U0 and 0:5U0 at 2D and 4D downstream respectively. Over the same longitudinal distance the extent over which a deficit
occurs expands transversely from 1.5D to 2.0D approximately. In contrast to the symmetric transverse profiles, the vertical
profiles are asymmetric about the centreline beyond 2D downstream as shown in Fig. 3. At 1.5D downstream the vertical
profile is nearly symmetric but the maximum deficit is above the centreline. This extends over the range 2D to 6D.
In this channel, with aspect ratio of 11.1:1, the rotor wake was effectively unconstrained in the transverse direction but
constrained in the vertical direction due to the proximity of both the channel bed and free surface, both at distance 0.83D
from the rotor axis. For X46D downstream the vertical velocity profile is similar to a channel velocity profile and wake
expansion occurs in the transverse direction only. Immediately downstream of the rotor a bypass flow occurs around the
turbine. These two regions of the wake are analysed in the following sections.
3.2. Far wake
The velocity profiles of a free shear layer can be expressed in a self-similar form. In general, for an axisymmetric wake,
the self-similar form follows a Gaussian profile (Pope, 2000, p. 148):
ΔU
ΔUmax
¼ exp  ln 2ð Þ y
2
y21=2
 !
; ð3Þ
where ΔU ¼ U0Ux denotes the local velocity deficit, ΔUmax is the maximum velocity deficit and y1=2 is the half-width, the
distance from the centreline at which the velocity deficit is half of maximum. A wake is considered to be self-similar when
the spreading-rate S is constant with downstream distance x:
S¼ U0ΔUmax
dy1=2
dx
: ð4Þ
Since ambient velocity U0 is constant, the half-width y1=2ðxÞ must be proportional to a power of x with an exponent
exactly unity higher than that for the maximum deficit ΔUmaxðxÞ. Previous investigators have reported the relations
ΔUmaxpx1=2 and y1=2px1=2 for plane wakes andΔUmaxpx2=3 and y1=2px1=3 for axisymmetric wakes. Wakes generated
by different obstacles develop different self-similar spreading rates. Spreading rates for unbounded plane wakes down-
stream of a flat plate, circular cylinder and airfoil are S¼0.073, 0.083 and 0.103 (Pope, 2000, p. 149). It is evident from Fig. 3
that a Gaussian form does not describe the vertical profiles and does not describe transverse profiles within 2D downstream
of the rotor where a bypass flow is observed. However Eq. (3) is found to be representative of the transverse profile at
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Fig. 3. Transverse and vertical profiles of velocity deficit at X ¼ 1:5D (), 2D (○), 4D (þ), 6D ( ), 8D (Δ) and 12D (n). Curves indicate trend only. Mean
thrust and tip speed ratio over all samples, CT ¼ 0:8574:5% and β¼ 4:673:5%.
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Fig. 4. Transverse profile of velocity deficit at sections 4DoXo12D (symbols as Fig. 3) compared to Eq. (3) (solid curve).
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XZ8D the rate of recovery of velocity and expansion of half-width follow those observed for a plane wake:
ΔUmax
U0
¼ 0:864ðx=DÞ1=20:126; ð5Þ
y1=2
R
¼ 0:412ðx=DÞ1=2þ0:500: ð6Þ
The transverse spreading parameter (Eq. (4)) is thus 0.03; smaller than spreading rates observed for plane bluff bodies in
unbounded flows.
3.3. Near wake
At one diameter downstream the transverse profile of axial velocity, Ux(Y), is nearly axisymmetric across the swept area
of the rotor with a maximum deficit of 0:9U0 occurring near the rotor centreline as shown in Fig. 6. The location of the
maximum deficit is slightly offset from the rotor axis in both the transverse and vertical directions. This can be attributed to
the rotation of a reduced velocity region which develops downstream of the tower and is rotated within the wake
(described in Section 4). The tower wake is clearly observed 0.5D downstream of the rotor plane both directly above the
rotor and within the upper part of the swept area but this and the nacelle wake have dissipated by 1D. At both these
downstream planes, the radial gradient of velocity is nearly uniform over the swept area and a narrow shear layer is
observed at the boundary to the ambient flow. This layer expands rapidly with downstream distance and is narrower in the
vertical direction than the transverse direction. Further downstream a similar structure is maintained as the deficit reduces
and velocity gradient decays up to 2D.
According to linear momentum theory, the velocity across the rotor plane (i.e. at X¼0) is defined by the axial induction
factor, a, as UxðX ¼ 0Þ ¼ ð1aÞU0. A blade element momentum theory calculation is limited to within the rotor radius, and
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approach for predicting the initial velocity deficit and this is shown in Fig. 7. As expected, the high axial induction factor
predicted near the tip is not observed in the measurements at X ¼ 0:5D. The model only slightly underpredicts the velocity
deficit at X ¼ 0:5D and 1D over the range 0:3or=Ro0:9.
An axisymmetric wake can be considered as a shear layer of width δ centred about a radius rδ. Various definitions of
shear layer width have been employed to characterise axisymmetric shear layers (e.g. Hussain and Zedan (1978)). Here, the
approach of Brown and Roshko (1974) is followed and the shear layer width is defined by Eq. (7) as a function of the ambient
flow velocity and the maximum velocity gradient across the shear layer. The radius to this maximum gradient rδ denotes the
centreline of the shear layer. This is employed in preference to the half-width or momentum width since velocity deficit
varies azimuthally and the flow is constrained vertically.
δ¼ U0
dU
dr

1
max
ð7Þ
The radial gradient of velocity is obtained by a least-squares best-fit of a polynomial for velocity at radial increments
dr¼40 mm obtained by interpolation from the measurements on a Cartesian grid. Immediately downstream of the rotor
plane (X ¼ 0:5D), the shear layer width is non-uniform about the circumference with vertical width of approximately 0.18D
compared to transverse width of approximately 0.36D as shown in Fig. 8. This is due to the bypass flow above and below the
rotor. Further downstream the shear layer width becomes more uniform but width in the vertical direction remains smaller
than in the transverse direction. The shear layer width increases linearly with downstream distance as shown in Fig. 8(e).
The vertical expansion rate is dδ=dx¼ 0:22 and this is similar to rates observed by Brown and Roshko (1974) for an
unconfined plane jet with comparable Reynolds number and initial deficit. The transverse expansion rate is linear over the
range 1D to 2.0D and is approximately 1.5 times that in the vertical direction (dδ=dx¼ 0:33).
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Fig. 7. Radial variation of axial induction factor from measurements at 0.5D (), 1D (○), 1.5D (■), 2D (□) and by Blade Element Momentum Theory ().
Fig. 8. Shear layer width δ by Eq. (7) (thick solid curve). (a)–(d) Azimuthal variation over transverse planes at X ¼ 0:5D to 2D relative to a rotor radius R
(thin solid curve) and to ð170:5ÞR (dotted curve). (e) Longitudinal variation in transverse (○, from UxðYÞ at Z ¼ 0) and vertical (Δ from UxðZÞ at Y ¼ 0)
directions. Shaded region denotes dδ=dx range 0.145 to 0.22 (Brown and Roshko, 1974). (a) 0.5D. (b) 1D. (c) 1.5D. (d) 2D. (e) Longitudinal variation.
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profile as seen in Fig. 9. Over the range 0.5D to 2D the shear layer radius reduces slightly but is similar to the rotor radius.
There is some evidence of depth constraint at 1.5D downstream where the shear layer is parallel to the bed beneath the
wake. The greater transverse expansion rate causes the shear layers to interact at the centre of the wake by around 2.5D
downstream. Further downstream the radius to the shear layer centreline in the transverse direction is consistent with the
half-width variation previously identified for a self-similar transverse profile (Fig. 9(e)) increasing from the rotor radius at
X ¼ 2:0D.
4. Near wake rotation
Although the near wake is not exactly axisymmetric, it is informative to consider velocity components in a polar frame
rather than Cartesian frame. Radial (Ur) and azimuthal velocity (Uθ) relative to the axis of the rotor are shown in Fig. 10.
Rotation is observed within the wake over the range 0:5DrXr2D. This develops from a band of high azimuthal velocity at
radius 0:3Roro0:7R at 0:5D to nearly uniform rotation over the range 0:2Roro0:9R at 1D. The rotating region expands
outwards and the centre of rotation shifts slightly upwards with downstream distance. Less than 1D downstream, the
surrounding flow is similar to the ambient flow. With increasing distance downstream entrainment of the surrounding flow
is observed. At 1D this is over one quarter of the circumference and extends over three-quarters of the circumference by 2D.
The flow on either side of the rotor changes its direction from divergent to convergent into the rotor wake core. This
indicates that the process of mass and momentum mixing between turbine wake and the surrounding flow starts after 1D
Fig. 9. Shear layer radius, rδ (thick curve), and extent, rδ7δ (thick dashed) from velocity profiles at X ¼ 0:5D to 10D (). (a) to (d): azimuthal variation over
transverse planes at X ¼ 0:5D to 2D relative to rotor radius R (thin curve) and to ð170:5ÞR (dotted curve). (e): longitudinal variation over range
0:5rX=Dr10D. Half-width of Gaussian profile also shown (  ) as Eq. (6). (a) 0.5D. (b) 1D. (c) 1.5D. (d) 2D. (e) Longitudinal variation.
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Fig. 10. Velocity components Uy;Uz superposed on contours of azimuthal velocity Uθ in the vertical Y–Z plane at X ¼ 0:5D;1D;1:5D and 2D downstream of
rotor plane. Obtained from time-varying samples as Fig. 6.
T. Stallard et al. / Journal of Fluids and Structures 54 (2015) 235–246 243downstream. As the rotating flow field develops, transverse velocities of up to 10% of the streamwise flow occur near the
bed (e.g. Z ¼ 0:62D;0:12h above bed, over 1:5DoYo0 at X ¼ 2D). The induced angular velocity of the wake is defined
by the mean azimuthal velocity as ωðrÞ ¼UθðrÞ=r. Here the mean azimuthal velocity at radius r is given by
Uθ ¼
Γ
2πr
: ð8Þ
This follows from consideration of the circulation, Γ, within radius r
ΓðrÞ ¼
I 2π
0
Uθðr;θÞr dθ¼
Z
A
Ωðr;θÞ dA; ð9Þ
where vorticity is given by
Ω r;θ
 ¼Uθ
r
þdUθ
dr
1
r
dUθ
dθ
: ð10Þ
At 0.5D and 1D vorticity is positive within the wake due to anticlockwise rotation whereas vorticity is negative around
the circumference of the wake caused by entrainment of the surrounding flow (Fig. 11). The intensity of positive vorticity
within the wake area decays rapidly to be similar to the surrounding flow by 2D downstream. Negative vorticity along the
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Fig. 11. Vorticity (Ω, as Eq. (10)) in vertical Y–Z plane at sections X ¼ 0:5D;1D;1:5D and 2D downstream of rotor. Obtained from time-varying samples as
Fig. 6.
Fig. 12. Tangential induction factor. (a) Radial variation at 0.5D (), 1D (○), 1.5D (■), 2D (□) downstream and by BEMT at rotor plane (). (b) Streamwise
variation at 0.50R (), 0.75R (○), 0.9R (■), 1.0R (□), 1.05R (m) and 1:1R (Δ) and by BEMT at rotor plane.
T. Stallard et al. / Journal of Fluids and Structures 54 (2015) 235–246244wake circumference reduces in intensity as the azimuthal velocity of the surrounding flow increases. Integration of vorticity
over the rectangular measurement region shows that circulation is effectively constant, at close to 0.01 of circulation at the
blade tip, and vorticity is conserved.
A tangential induction factor (denoted a0ðrÞ ¼ωðrÞ=ωm1 in blade element momentum theory) is typically employed to
represent angular velocity of the flow relative to the angular speed of the rotor (ωm ¼U0β=R). The induced rotation as
described by this standard parameter varies radially and with distance downstream as shown in Fig. 12. For the four
transverse planes considered, rotation is observed for r4R. A standard blade element momentum theory calculation of
tangential induction factor (for which a0 represents flow at the rotor plane and, for unbounded conditions, 2a0 represents the
wake) predicts the trend of radial variation observed at X ¼ 0:5D. However, the magnitude of the induced rotation is
underpredicted, particularly as r approaches R, perhaps due to sensitivity to lift, drag and angle of incidence. Over the
interval 0.5D to 2D there is rapid decay of rotation within the rotor plane (roR) but induced rotation remains nearly
constant (a0  0:01) outside the rotor plane.
5. Wake turbulence
The far wake has been shown to exhibit classical self-similar behaviour of mean velocity for shallow turbulent jets and
wakes. The free shear layers originating from the rotor circumference have spread across the centreline. The longitudinal
turbulence intensity (u0x=U0) is shown for the transverse yz planes downstream of the rotor plane in Fig. 13. Immediately
downstream, at X ¼ 0:5D, a narrow band of turbulence from tip vortices is observed and there is a region of turbulence
downstream of the tower. This tower wake is not observed further downstream. At 1D and 1.5D a shear layer is clearly
defined with turbulence intensity in the wake core comparable to that of the ambient flow and a band of turbulence
intensity of 25–30% just outside the rotor radius. The region of greater turbulence intensity has approached, but not reached,
the axial centreline by X ¼ 2D consistent with the shear layer width at this distance. Transverse and vertical profiles of
turbulence intensity are shown in Fig. 14. The difference between near wake profiles (xo6D) and far wake (xZ8D) is
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Fig. 13. Turbulence intensity at four planes downstream of rotor. Obtained from time-varying samples as Fig. 6.
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Fig. 14. Transverse and vertical profiles of turbulence intensity at X ¼ 1:5D (), 2D (○), 4D (þ), 6D ( ), 8D (Δ) and 12D (n) corresponding to velocity
profiles of Fig. 3. Curves indicate trend only.
T. Stallard et al. / Journal of Fluids and Structures 54 (2015) 235–246 245apparent as is the difference between transverse and vertical profiles in the far wake. Vertical profiles are almost uniform
but transverse variation is still apparent at X ¼ 12D with maximum turbulence intensity observed close to the maxima of
velocity gradient as used to define wake width.
6. Conclusions
The mean wake of a three-bladed tidal stream rotor has been measured in a wide flume with minimal blockage and
diameter of 60% of the water depth. The rotor was operated at close to maximum power coefficient and generated a thrust
coefficient representative of a full scale turbine. The mean near wake is characterised by free shear layers originating from
the rotor tip circumference and with linear expansion of thickness with downstream distance. The rate of expansion is
typical of a plane shear layer vertically and 1.5 times that horizontally. The radius of the shear layer centreline remains
similar to the rotor radius until the wakes merge at about 2.5 rotor diameters downstream. A self-similar two-dimensional
wake develops from about eight diameters downstream with a virtual origin at 2.0 diameters downstream of the rotor
plane. The spreading rate is somewhat less than that measured for solid bodies. The mean velocity profiles, rotation and
vorticity are similar to those previously measured for wind and marine turbines in the near wake. However longitudinal
circulation in the transverse plane was measured to be close to 1% of the circulation at the blade tip within two diameters
downstream, the extent of detailed measurement. The standard blade element momentum theory that is widely used for
rotor design characterises velocity at the rotor plane by axial and tangential induction factors. While this flow
representation is highly idealised it is interesting to observe that the axial induction factor corresponds to velocity deficits
at 0.4–0.8 radii from the centreline across the near wake while the tangential induction factor at the rotor plane corresponds
to velocities at 0.4–0.6 radii between 1–2 diameters downstream, indicating some correspondence with the real flow. The
important characterisation of the far wake in a shallow channel as a two-dimensional self-similar form is defined by two
T. Stallard et al. / Journal of Fluids and Structures 54 (2015) 235–246246parameters defining the centreline velocity deficit and transverse velocity variation. These are likely to be insensitive to
Reynolds number in turbulent conditions although this should be assessed for full scale conditions. This self-similar form for
the far wake is a useful categorisation for the assessment of wake interaction within turbine arrays.Acknowledgements
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